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Abstract   
The primary objective of this study is to investigate and understand how polymeric materials in photovoltaic (PV) 
module as a function of long term aging effect on the durability, reliability and safety of PV modules. Si-based PV 
modules were made with EVA encapsulant and different types of backsheet and then subjected to accelerated 
weathering conditions in laboratory-controlled exposure chambers. The disassembly approach of the PV modules was 
developed to obtain the samples. All of the aged sample materials were directly obtained from the PV modules. 
Specific coupons of EVA/glass based on the similar module design were fabricated and applied with the same 
lamination process as in the manufacturing for the interfacial adhesion tests. The study covers the measurements on 
the samples including EVA, coupons and the modules made with different backsheets as a function of exposure time 
under accelerated conditions of damp heat (85oC and 85% RH) or UV (~ 80 W/m2) chamber. The durability of 
materials degradation and properties was tested every 1000 hours up to 4000 hours including: (1) thermal 
characterisation by TGA, DSC, (2) inter layer adhesion by peeling strength, (3) chemical degradation by FTIR, (4) 
acetic acid content using Pyrolysis-GC/Mass, and (5) thermo-mechanical tensile modulus by DMA. Non-intrusive 
measurements were also performed at every 250 hours on the modules such as I-V measurements, Fill Factor and 
Wet Insulation. The correlation between the materials degradation behaviour and the performance of the PV module, 
the impact of using different backsheets (TPT or TPE), and key failure mode(s) development related to the safety and 
performance of the PV module will be addressed from the study. 
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1. Introduction 
To survive in harsh operating environments, PV modules rely on packaging materials including 
protective superstrate, substrate, sealants and encapsulants to provide requisite reliability. Several key 
properties associated with PV module reliability are critical for commercial success. These include (1) 
low-interface conductivity, (2) adequate adhesion of encapsulants to substrate, superstrate and PV cells, 
(3) low moisture permeation through all packaging materials, and (4) good mechanical properties such as 
tensile elongation, and creep resistance at all operating conditions. Therefore, it is important to investigate 
how properties changes and/or degradation in polymeric materials used in PV modules and understand the 
correlation among materials degradation and failures of PV module and system performance in the field. 
Figure 1 illustrates the failure modes of PV modules caused by packaging materials degradation under 
multiple stresses including heat, moisture and UV. The suggested evaluating approaches for these failure 
modes are also specified. 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Failure modes of PV modules caused by packaging materials and the evaluating approaches. 
2. Experimental 
The Si-based PV modules made with TPT or TPE backsheets were fabricated by using the similar 
manufacturing process (about 150oC for 5-7 minutes) and then, exposed with accelerated weathering 
conditions under laboratory-controlled exposure chambers including: (1) UV exposure similar to test 
10.10 of IEC 61215 Ed.2 but with higher light intensity about 80 W/m2 UV plus additional 15% of the 
total irradiance at the back of the modules and material laminates, and (2) 85oC ambient temperature and 
85% relative humidity, described as in the test 10.13 of IEC 61215 Ed.2.  The electrical performance of 
the modules were tested with every 500 hours exposure, and two of the modules made with TPE 
backsheet with every 1000 hours exposure were disassembled and packaging materials were collected and 
tested. There are 3 types of samples obtained directly from the modules including: (1) EVA/backsheet 
laminates, (2) EVA between cells and backsheets, and (3) EVA between cells and glass shown in Fig. 2. 
Sample (1) and (2) were used for evaluating the aging effect with damp heat exposure, and sample (3) for 
evaluating the aging effect with UV exposure.  
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Fig. 2. (a) Modules after disassembly. (b) Material samples including (1) EVA/backsheet laminate, (2) EVA between cells and 
backsheets, and (3) EVA between cells. 
3. Results and discussion 
3.1. Module properties investigation 
Current vs. voltage (I-V) and wet insulation test were conducted for the modules at every 500 hour 
exposure. The power output of the modules exposed with damp heat started to drop at 2000 hrs. and then 
kept going down for longer exposure time while UV-exposed modules remained pretty constant for all 
exposures. The loss in Pmax was strongly correlated with the reduced fill factors or increased series 
resistance. Such behaviour has been reported in recent study. And it might be caused by the corrosion at 
the electrical interconnects [1-3].  Figure 3 showed that different backsheet, TPT or TPE has insignificant 
effect on the power (Pmax) and fill factor (FF) reduction of the modules, and these PV modules showed 
very similar power degradation curves as a function of exposure time. For the wet insulation properties as 
shown in Fig. 4, the modules exposed with the damp heat showed greater aging effect than the ones 
exposed with the UV, and different backsheets showed little effect on the above test results of the 
modules.  
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Fig. 3. (a) Pmax and fill factors change under UV aging. (b) Pmax and Fill Factors change under damp heat aging 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Wet Insulation property of damp heat and UV aged PV modules. 
3.2. Material properties investigation 
The main purpose of the study is to evaluate and identify the indicator of materials degradation. 
Therefore, the study was focused on investigating material properties exposed with more serious aging, in 
general, under the damp heat condition since UV-exposed PV modules did not show much power 
reduction based on the aging test results.  
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3.2.1. Spectroscopic investigations 
 
Attenuated total reflectance (ATR) - Fourier Transform InfraRed (FTIR) using Nicolet 6700 model 
was applied to investigate any functional group changes for damp heat aged EVA and backsheets. The 
results as shown in Fig. 5(a) exhibited increasing absorbance of -OH vibration peak at between 3500 and 
3300 cm-1 with increasing exposure time especially after 3000 hours. This is attributed to the hydrolysis 
of EVA and the formation of acetic acid and ethylene-vinyl alcohol (EVOH) [4]. Significant hydrolysis of 
polyethylene (terephthalate) (PET) layer within the backsheet exposed with the damp heat was observed 
as shown in Fig. 5(b). The discoloration of PET backsheet was shown at 1000 hrs. exposure, and then, it 
was brittle and even cracked after 2000 hrs. The ATR-IR results demonstrated an increasing absorbance 
of -OH and CH2 vibrations attributed to the end groups of carboxylic and alcoholic acid and an increase 
in smaller chain fragments [5] (see Fig. 5).  
  
 
 
 
 
 
 
 
Fig. 5. ATR-IR spectra of unaged and (a) damp heat aged EVA and (b) damp heat aged PET layer within TPE backsheet 
 
3.2.2. Thermal properties investigation 
 
The thermal degradation of EVA were investigated by thermo gravimetric analysis (TGA) using a 
Q5000 TGA (TA Instruments). In Fig. 6, the thermogram demonstrates two steps of the weight loss, the 
first step was due to vinyl acetate content in EVA degradation, and the second was corresponding to 
fragments from the degradation of polymer backbone. When EVA exposed with damp heat for longer 
time showed decreasing mass loss at the first step of materials degradation, it was attributed to the 
deacetylation reaction during the aging process [6]. The percentage of the mass decrease for EVA under 
the damp heat aging caused by the deacetylation was about 0.06%, 0.1%, 0.36% and 1.1% at 1000, 2000, 
3000 and 4000 hours, respectively.  
 
The DSC thermograms for the unaged and aged EVA are displayed in Fig. 7. In DH exposure, the Tg 
and melting behaviours of EVA were not much changed for all exposure time. While in UV exposure, the 
secondary melting peak seemed to become more pronounced or the area was somewhat increasing with 
increasing exposure time. The DSC results exhibited the development of crystallisation structures for 
EVA between DH and UV was different, and they were consistent with the results observed by DMA 
shown in Fig. 8.  The UV exposure could induce more crystallisation on EVA, therefore, its modulus was 
higher than that in DH exposure.        
(a)                                                                           (b) 
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Fig. 6. Thermo Gravimetric Analysis (TGA) of unaged and damp heat aged EVA. 
  
 
 
 
 
 
 
 
Fig. 7. Differential Ŕcanning Calorimetry (DSC) of UV and damp heat aged EVA. 
 
 
 
 
 
 
 
 
Fig. 8. Dynamic Mechanical Analysis (DMA) of UV and damp heat aged EVA 
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3.2.3. Interlayer adhesion 
 
    The adhesion strength between the glass and EVA of the coupons was measured with an Instron test 
system using 90-degree peel test. As mentioned before, the specific coupons were fabricated by different 
backsheet with and without edge sealing tape. The results in Fig. 9 showed that the adhesion strength of 
UV-aged samples dramatically dropped from 15 N/mm2 to 1 N/mm2 at 1000 hours and then, it remained 
constant. For damp heat-aged samples, it gradually decreased from 15 N/mm2 to 10 N/mm2 and 3 N/mm2 
at 1000 hrs. and 2000 hrs. respectively, and then, it remained stable at around 3 N/mm2. The results 
demonstrated that UV has greater aging effect than damp heat on the adhesion strength between glass and 
EVA.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.  The adhesion strength between EVA and Glass for DH and UV aged coupon samples using (a) TPT backsheets with edge 
tape, (b) TPE backsheets with edge tape, (c) TPE backsheets with no edge tape.  
    It was expected that the coupons made with TPT should have better adhesion than TPE since TPT has 
two layers of PVF, therefore, has more waterproofing than TPE. However, the peeling test results did not 
show any significant difference in EVA adhesion between TPT and TPE. The coupons sealed with the 
edge sealing tape showed better adhesion strength under damp heat condition only at 1000 hrs. This might 
be due to the edge sealing tape was saturated with water vapour at 1000 hrs., then it lost its function of 
preventing water ingress for longer exposure time. The mechanisms of interfacial adhesion loss were 
different between damp heat and UV conditions. Damp heat exposure caused adhesion loss was 
associated with continuous moisture diffusion into the interfacial sites while the UV caused adhesion loss 
was related to the irradiation energy of UV much larger than that for polymer bond dissociation [7].  
 
3.2.4. Acetic acid measurement 
 
Hydrolysis of vinyl-acetate monomers resulted in generating acetic acid that can accelerate the 
corrosion of electrical interconnects.  Recently, scientists in Mitsui Chemical were using Infra-Red (IR) 
and Hot Water Extraction Method (HWEM) to evaluate the amount of free acetic acid desorbed in EVA 
28
ĵıııĴıııĳıııĲıııı
ĳĶ
ĳı
ĲĶ
Ĳı
Ķ
ı
ņŹűŰŴŶųŦġŕŪŮŦġĩŉŰŶųĪ
őőŦ
ŦŦŭġġ
Ŕŵŵ
ųŦŦ
ůŨŨ
ŵũũġ
ĩĩŏ
İİŮ
ŮŮĪ
ĳįĵķıĺĵĴįĹĵķĵĺĴįĳĵĺĵķ
ĲıįĺĵĳĹ
ĲĶįķĲĳĳ
ŅŢŮűġŉŦŢŵĭġŕőņġţŢŤŬŴũŦŦŵ
ĵıııĴıııĳıııĲıııı
ĳĶ
ĳı
ĲĶ
Ĳı
Ķ
ı
ņŹűŰŴŶųŦġŕŪŮŦġĩŉŰŶųĪ
őőŦ
ŦŦŭġġ
Ŕŵŵ
ųŦŦ
ůŨŨ
ŵũũġ
ĩĩŏ
İİŮ
ŮŮĪ
ıįĳĶĶĲĴĸıįĶĴĹĵĳĳıįĹķıķĹĹĲįĺĳĸĵĶ
ĲĶįķĲĳĳ
ŖŗĭġŕőņġţŢŤŬŴũŦŦŵ
ĵıııĴıııĳıııĲıııı
ĳĶ
ĳı
ĲĶ
Ĳı
Ķ
ı
ņŹűŰŴŶųŦġŕŪŮŦġĩŉŰŶųĪ
őőŦ
ŦŦŭġġ
Ŕŵŵ
ųŦŦ
ůŨŨ
ŵũũġ
ĩĩŏ
İİŮ
ŮŮĪ
ıįĲķĹĹĺĳıįıĸĴĴĺĵĵıįĵıĵĺĺĹĲįĲķĸıĳ
ĲĶįĳĸĵĺ
ŖŗĭġŕőŕġţŢŤŬŴũŦŦŵ
ĵıııĴıııĳıııĲıııı
ĳĶ
ĳı
ĲĶ
Ĳı
Ķ
ı
ņŹűŰŴŶųŦġŕŪŮŦġĩŉŰŶųĪ
őőŦ
ŦŦŭġġ
Ŕŵŵ
ųŦŦ
ůŨŨ
ŵũũġ
ĩĩŏ
İİŮ
ŮŮĳ
ĪĪ
ĵįıĵıĴĳ
ĳįĹĴķĵĴĳįĺĶķĲĹ
ĲıįķıĲĺ
ĲĶįĳĸĵĺ
ŅŉĭġŕőŕġţŢŤŬŴũŦŦŵ
ĴıııĳıııĲıııı
ĳĶ
ĳı
ĲĶ
Ĳı
Ķ
ı
ņŹűŰŴŶųŦġŕŪŮŦġĩŉŰŶųĪ
őőŦ
ŦŦŭġġ
Ŕŵŵ
ųŦŦ
ůŨŨ
ŵũũġ
ĩĩŏ
İİŮ
ŮŮĪ
ıįĵĴĹĸĹıįĴıĴĶĴĹıįĸĸĲĺĶĴ
ĲĵįĴĺķĺ
ŖŗĭġŕőņġţŢŤŬŴũŦŦŵĭġůŰġŦťŨŦġŵŢűŦ
ĴıııĳıııĲıııı
ĳĶ
ĳı
ĲĶ
Ĳı
Ķ
ı
ņŹűŰŴŶųŦġŕŪŮŦġĩŉŰŶųĪ
őőŦ
ŦŦŭġġ
Ŕŵŵ
ųŦŦ
ůŨŨ
ŵũũġ
ĩĩŏ
İİŮ
ŮŮĪ
ĴįĲĳĶķĲĴįĵĵĴĵĴĵįĶĹĵĵĳ
ĲĵįĴĺķĺ
ŅŢŮűġŉŦŢŵĭġŕőņġţŢŤŬŴũŦŦŵĭġůŰġŦťŨŦġŵŢűŦ
(a) (b) (c)
 Ethan Wang et al. /  Energy Procedia  33 ( 2013 )  256 – 264 263
encapsulant. They proposed that the desorbed acetic acid in EVA was useful to be used as an indicator for 
module degradation [4] [8]. In our study, the free acetic acid was evaluated by a Pyrolysis GC-MS 
(Frontier Lab) on full size PV modules. The Pyrolysis GC-MS technique only need small amount of EVA 
sample (~5 mg), and it was believed to provide better detection sensitivity and a more accurate analysis 
for acetic acid. It was noted that the free acetic acid may evaporate fast at room temperature in the air, so, 
the test must be conducted immediately after the sample was obtained from the module, otherwise the 
level of acetic acid might be underestimated as seen in Fig. 10. Therefore, we need to develop the method 
on how to directly obtain the sample from the exposed module in the field without any loss of inside 
contents especially with acetic acid.   
   
    In our study, two of the aged modules were withdrawn from the chambers at every 1000 hours 
exposure, and 3 to 6 samples were randomly collected on each module for acetic acid measurements. As 
shown in Fig. 10(a), for damp heat aged samples, the desorbed acetic acid was sharply increased from 5 
ppm to 56 ppm, 619 ppm and 1348 ppm at 0 hr, 1000 hrs., 2000 hrs. and 3000 hrs. respectively. For UV 
irradiation, it showed much less significant aging effect on the generation of acetic acid than in damp 
heat. As shown in Fig. 10(b), it was slightly increased from 5 ppm to 11 ppm, 40 ppm and 152 ppm at 0 
hr, 1000 hrs., 2000 hrs. and 3000 hrs. exposure, respectively. The trends in the results were similar to 
those reported by Mitsui Chemical, and it seemed that the desorbed acetic acid may be a good indicator 
for materials/polymers degradation in the exposed module. It will be good to develop the correlation 
equation between the extent of acetic acid generated and the module performance such as the power 
output. 
 
 
 
 
 
 
 
 
 
 
Fig. 10.  The amount of free acetic acid desorbed in (a) damp heat aged EVA, (b) UV aged EVA, (c) EVA exposed to the air.  
 
4. Summary 
Damp heat-exposed PV modules started losing power at 2000 hrs. and failed at 3000 hrs. while the 
power of UV-exposed PV modules remained stable. The use of different backsheets in the PV module-
TPT or TPE, has insignificant impact or effect on power reduction and insulation properties. The drop of 
Fill Factor (FF) indicated the corrosion was taking place at electrical interconnects and correlated well 
with the power reduction. From the FTIR-ATR spectra, the hydrolysis of EVA and PET in the backsheet 
was observed and well correlated with the power reduction. The melting region of UV aged EVA were 
shifted to higher temperature on DSC. This was attributed to the growth of secondary crystals. The UV 
exposure could induce more crystallisation of EVA based on DSC results, therefore, its modulus was 
higher than that in DH exposure as shown in DMA results. The free acetic acid desorbed in EVA 
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degradation was measured by TGA and Pyrolysis GC-MS. The acetic acid was sharply increased with 
increasing exposure time in damp heat aged PV modules, and the results were well correlated with their 
power degradation. The interfacial adhesion between EVA/Glass was sharply decreased at 1000 hrs. and 
then longer hours for both UV and DH exposure. Edge sealing tape was proved to be a good prevention 
of moisture ingress, and it also delayed the interfacial adhesion loss. It was very interesting that UV 
exposure results showed greater impact on interfacial adhesion, e.g. EVA/glass, but little impact on the 
power reduction of PV module. Such results indicated that interfacial adhesion between EVA/glass may 
not be an important factor related to the power reduction of PV module at the early stage of PV 
degradation.   
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